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DEVELOPMENTAL DYNAMICS 206i29 1-300 <1»96) 



Gene Targeting the myf-5 Locus With nlacL Reveals 
Expression of This Myogenic Factor in Mature Skeletal 
Muscle Fibres as Well as Early Embryonic Muscle 

S. TAJBAKHSH, E. BOBER. C. BABINET 8 POUHNIN. ^J™f ^5/5 Mammalian 

of Cell and Modular Biology, University of Braunschweig. Braunschweig, Germany fW, HA.) 



ABSTRACT We have introduced the nlacZ 
reporter geoe into the locus of the myogenic factor 
gene myf-5 by homologous recombination in em- 
bryonic stem (ES) cells. Targeted ES clones were 
injected into precompaction morula, and the p-ga- 
lactosidase expression pattern was monitored. 
These mice permit the sensitive visualization of 
myf-5 expre* sion throughout the embryo, and pro- 
vide a standard for comparing it with that seen 
with different myf-SinUuZ transgenes. Thus, uva 
comparison using ES cells in chimaeric embryos 
containing the targeted or randomly integrated 
myf-5/nlacZ construct, we demonstrate that 5.5 
kbp of myf4i upstream flanking sequence includ- 
ing exonl and most of intronl directs some skele- 
tal muscle expression, but this is neither qualita- 
tively nor quantitatively equivalent to that of the 
endogenous gene, Myf-6 is expressed early, before 
terminal myogenesis takes place in the medial half 
of the somit.!, and subsequently it is a major myo- 
genic factor as skeletal muscle forms. All skeletal 
muscle shows P-galactosidase activity, even after 
birth, indicating that myf-5 expression is not con- 
fined to primary myotubes, which are derived 
from embryonic myoblasts, but is also present in 
muscles containing different adult fibre types. 
The presence of myf-5 transcripts from the endog- 
enous gene in older muscle was confirmed by in 
situ hybridisation- These results suggest that the 
myf-5 gene in not activated in only a subset of mus- 
cle cells and are consistent with the results on the 
MyoD knockout mice. © 1996 Witey-Uss, Inc. 

Key words: myf£, Homologous recombination, 
Mature skeletal muscle, Transgene 

INTRODUCTION 

Muscle is u mesodermal derivative which becomes 
established fiom the time of gastrulation (Bellairs et 
aL, 1986). In »he head, craniofacial muscles are derived 
from the cephalic prechordal and paraxial mesoderm 
(Couly et aL, 1992; McClearn and Noden, 1988; Noden, 
I983a,b; Wacatler et aL, 1984) as well as from the most 
anterior somtes (Noden, 1983a). All ak letal muscles 
in the trunk ■ ire derived from the somites, which result 



from segmentation of the anterior portion of the seg- 
mental plate (paraxial) mesoderm and form in pairs on 
either side of the neural tube following a rostrocaudal 
developmental gradient. The dorsal compartment dif- 
ferentiates to give the dermomyotome (dermis and 
muscle), and the ventral compartment gives the scle- 
rotome (axial skeleton). The first skeletal muscle of the 
body Forms as muscle precursor cells located cramally 
in the dorsomedial part of the dermomyotome, imme- 
diately adjacent to the neural tube, migrate under- 
neath the dermomyotome layer to farm the myotome in 
the central region of the somite (Ede and El-Gadi, 
1986; Kaehn et aL, 1988). In the mouse this takes place 
from embryonic day 8.5 (E8.5). These myotomal cells 
do not subsequently migrate out from the somite, but 
will later contribute to axial musculature (epaxiai) on 
either side of the vertebral column. All other skeletal 
muscles of the body located peripherally, such as the 
intercostals or body wall (hypaxial) or those in the 
limb, arise by migration of muscle precursor cells from 
the ventrolateral half of the dermomyotome (Cheval- 
lier et aL, 1977; Christ et aL, 1977; Ordahl and Le 
Douarin 1992). The same mechanisms for the forma- 
tion of myotomal and peripheral body musculature 
probably operate in birds and mammals, but in the 
latter, the location of precursor cells in the somite is 
less clearly defined (Milaire, 1976). 

Shortly after myotome formation multinucleate pri- 
mary fibres begin to appear both in the trunk and the 
limbs. By E14.5 in the mouse, secondary fibres begin to 
accumulate adjacent to the primary mu&cle scaffolds, 
and can be distinguished by their morphology (Ontell 
and Kozeka, 1984) and the contractile protein isoforms 
present Primary and secondary fibres are thought to 
arise from embryonic and foetal myoblasts, respec- 
tively and these muscle precursors can be distin- 
guished in culture (Cossu et aL, 1993). It is not clear 
whether foetal myoblasts are derived from a different 
population of precursors or whether they correspond to 
a proportion of embryonic cells which remained quies- 
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With the myf-5 Targeting Construct 
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bridization studies have shown 
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into the first exon of the i»rf-5 gene, 13 amino acids 
SferlL ATG oodon such that the ^ coding se- 
I^Ti, tArm for translation. Therefore, transla- 
2cW ^ pS/^iS" Protein probably reflects 
^atioJlwell bs transcriptional rejalajaonof 
the endogenous myf-5 gene. The Tny/tf gene itself is 
disrupted, and a email deletion i^trodu^ 
Six Tel^porations were earned ou£ ana- ttu wsuHs 

rf^tudtg GANC was 8.3-fold. A total of eight 
oneTwere Sated using a ICR . six of 

these were analysed by Southern W-JJ^Lfj £ 
Belli dkrest of these clones reveals the endogenous IX, 
Spalle1e7nda7^-kbp targeted allele. More extensive 
and hybridisation with the Neo gene showed 
SSL* clones were correctly targeted a 5 and 
3' ends and contained only one copy of the targeting 

V t^5 of £ ES lines were u B ed for injec- 

JES preeompaSon morula to J-^J^K 
embryo*. All the lines tested showed a similar pattern 
^eneenibryos wereobtemed 
bv this approach (Conquet, 1991; Lallemand and Bru 
S T990; and our unpublished observations). Muscle 

was estimated as up to 90%. by 
tton of 3-galactosidase-6tained nuclei in the muscle 

masaeB. 



Sites of myf-5 Expression in the 
Developing Embryo 

Figure 3 shows whole mount, coloration of embryos 
obtained at E8.5, E9.5, and E10.5. ^ 
the period when myf-5 transcripts are detected n d» 
senates and peripheral muscle masses by in s. ta hy- 
bridization. 8-galactosidase-positove (P-gal ) celte are 
clearly present in the somites at these stages At E8.5, 
before t^ing of the embryo, the first somites are la- 
fa&d. In older embryos, some P - . aT ce k « *J 
detectable in the immature caudal somites. We have 
fcTnebktodetectB-gar ^^^SSSSl 
dal somite adjacent to the neural tube. The ^"g* 
somite to be labelled is ahalf-sonut* ! (Ed. > and El-Gad, 
^86) which labels to about half the intensity ofthe 
sSequent somite (Fig. 3A). As development proceeds 
SSdon of p-galactosidase is seen in myotomes and 
Sthe Kites where peripheral muscle ^s w.ll form 
following the rosttocaudal developmental gradient M 
E9 5 (Fig. 3B) muscle precursor cells which express 

and extraocular muscles. The latter 
formed by a number of component muscles which ong- 
STfrl both the ^ Prechordal and pmmL 
mesod<srm (Adelman, 1927; Couly et al., 199*. Noden, 
SS&r Wachtler et at. 1984; Wachtler and Jacob 
At this stage, the branchial arches which will 



rive rise to the facial muscles are well developed/ The 
St) Wdibular arch is labelled by E9 foUowed by 
KSnyoid arch and the third visceral arch. By 
fiwS? A *e hyoid arch is the most mtensety 
labelled These muscle cells are confined to the inner 
the arches and originate from cephalic pre- 
?Z£\ ntSTcSeifert and Christ, 1990). The Bur- 
ZnZg cells comprising the remamder of the arch 
are neural crest derived (Noden, 1988). 

At E10.5 the forelimb bud contains P-gal cell* al, 
though the hindlimb bud is still negative. At E10.6 for 
SeSdlimb bud (Fig. 3C) and at E9.5 for be grim* 
(Fig. 3B), we see no evidence of P-gal* cells m the field 
between limb bud and adjacent somites, as expected 
from our experiments with limb bud explante from 
£ch mice which clearly show that myf-5 is only act., 
vated once the cells have migrated (Tajbakhsh _and 
Buckingham, 1994). We have recently confirmed to** 
findings with heterosygote embryos (S.T unpublished 
observations). Labellingat this stage in the ^meis 
due to a dorsal epaxial component and to newly form- 
Tng intercostal and body wall muscle m^ ^ 1 
muscles) which appear iinmediately ventral to and dis- 
tinct from the epaxial muscles, and which have origi- 
nated from the ventrolateral edge of the dermomyo. 
tome. This is clearly seen also in the posterior portion 
of the forelimb, and can mistakenly on 
sections as cells "migrating" to the hmb » (Fig - 3C^A 
strikiwr band of 6-gal * cells originatmg from the cci- 
SaTsoSes (boufsides of the embryo) and cross** 
the anterior surface ofthe heart is present By Ell this 
B-galactosidase labelling becomes ret itncted to e^er 
dd e of the throat spanning the first two arches (data 
not shown). This band corresponds to muscle cells at 
the hypoglossal cord and those that will **m*°$t 
couSte to muscles ofthe tongue (Hunter 936; No- 
den, 1983a). By E12.5 there is extensive labelling of aU 
skeletal muscles. Head muscles, whether domed from 
the first somites or from cephalic prechordal or parax- 
ial mesoderm, are labelled, as are muscles throughout 
SebX.ThU 'point is mustrated in Figure 3D showing 
a sagittal section of a E12.5 embryo taken dark- 
field optics where the B-galactosidase staining appears 
pink. It demonstrates labelling in temporalis jaw in- 
tercostal, and rcstrally located back muscles, the latter 
beingepaxial. AB-gal- caudal myotome is also visible. 
The first muscle cells which will contribute to the dia- 
phragm are detectable at this stage immediately ante- 
rior to the liver. , ^ ... . 

No B-gal + cells are detected in the heart, either in 
the myocardium or in the condurtion BystemB The tact 
that the heart tube is negative before E8 (data not 
ehown). makes it unlikely that «ie myf-5 gene is tran- 
siently expressed during cardiogenesis. Similarly, no 
label is detected in smooth muscle as it forms in tne 
embryo. 6-galactosidase-labelled cells are however 
seen at a few discrete sites in addito l to bona fide 
skeletal muscle and its precursors. Although the oe- 
sophagus originates as a smooth muscle derivative, 
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: ji byin ffb ^ll^n l"i*r i.'\|«-iwh.ii oi ! hi- riuitiuriious 
...y a. - r :p:ir Alihouuh lliv oiUJKii lov-vr than .it Gl 1 0 

: „•>.. .«v'- t.ransi-npt^ arr .^tiil rlrnrly ih>'i-i\ ,\UU- 
t- i.u<fj u)i! thr itui>vi»^ tiKjss.^. :ir ^<'V!'. in tlir i»iinlbTnb 

' ' j;iP- ? -Pli't^ f I'V" ''I 



• sn.ilyrisot rvwlMirii nncir iitdii.aU'> lhai i',-tiaiaiP)>i 
.i;.i-r i.-i.nitinuos la !*• prcwnr in all pkrii ta! ra.lisoh. 
wiib no fiisimni.ru hrUvven i'\Uu- iYht. -M* K 

\n i Iu- hmb iKik. ni.jsl of'lhr skvlrtai ilbrr na^ 
«,f Hir Trtst ? Ii A. [IB, IIO t-ypr- wjib nomv sum lyiu- I 
iib.rr- • Kvlly. 1S»S7: Schuiflino and Hr^i-i; ni. !«!»"■-. 
wh.'Vriir- in tbiMiiaplna^m »Kii_ r . 4<.'i ty|M- 1 a? <i = vf»" H\ 
i'ibrrsprr<iominaU'Ui*'NarflM'tal.. 1 *MJ-t » W- niUTj.n s 
ix-Mills ui ri'flcvt raii1iuu('<i low lew* tran^r^p 
nl tbr myf r* cxnv in ail skob-lai irai-ri -h ,* t ial*.'- 
r;i.!u<.- of th'Vrlopmrni. In Ki^urr 7. -r* n.«i> mw-i 
tbrhiriilliTiib^oipcistiialal niicr an- .siiown i it! \* ca>r 

t hi *.•:»:■ urn' hHPro/.yiMr iUllUifll:- it is rtr.p- Ulilf MUl'b i 

in ibr (inb'rcnt. rniis^irs an* bibrih-d \Mtb i'i i:a«a«-i^--:: 
ditM- >incf *krh*al musclr fibrrs an= mulimti-'h .Hi- 
wi :i .-,hrd whrHii-r ail mirh'i an- htb<'iif(i v.'W\\ \\ jvisu 
l,.s»i:isr. iloublr hihr llnnx «Hh 1 It «»ch -t an t 

stalling ti<r ,V </a]:iLlosi(jasi- !-u^^i^(h.-J Ibi- » * • br U= - 
ra,,- -tiata not siuAVlt: l.alK-lJuuMl^a-rasr-H ivilhb* 'h- 
I si vwrK aftrf birtli ■ Ki-. 7*. 

DISCUSSION 
lar^Vtrd Vitnus Transgrnic- Kxprrssiou 
of myf ^ nlac'A 

iu<orp:in<hori oj' l.in* /i/^fZ rrp^-iir r ip;<< b^ 
I-mik- iiy bt»mt»lii<:ous r-c-urtibinaiion in KS v-'bs b t . i: - [n*r 
(^iticf! u> to track n-lis rxpr?'^Mnu 1 h:h rari> ai> M'.i-ni •■ 
iijarkrr c Kir obsirn-at inns wii-b soirr ^rnrrati o Iran 
t tic: ♦ (**'ls siiow <hr rx]>rci.fd rspn^sion raU*rp 
my- a- all siio?, prev«oii.<Iy d---riiinrt*ii.'d ni a-M; ini\ u 
pn.viiiina ik-w mfiinnaiioji about furthr-r «air-;;jrrtrf 
:.tu • -^1 r\j>n*ss:or». wbu'b haw .-kmc b.-ru i.<a; ir:at-fj ? = 
irw * ndoi-rnous j;rm- by in siiu fiybrisb^it ion. Tlii-**.- 
I'i ^ »■ if*rr- i,- no r»M:-oi- lo :-iippos.- tJiai thr ; : s -.rr! i<-r= ii 
|iw i'ii'-r r\on it!" ibr fnvf-'* i:rnr lias prH u 'br-i ar» <-a 
ii.^.-iwar. tVi;iil;Uiiry r^'UM'nl s Mire vi It Ii an rh:>- '/. 
,:.4'ir'.i ?;;y/ -a ia'H" prrvitlr a tpiatil n;.)l P'< Mamloi! t« 
nu-asurr ih*- rlVini'rio wub wha-b ^rnmoi.- b a^nj^n! - 
I'mii: Hit- t;tyf: r > Incus i\ivw\ exprt^ssoll iiflbr s; : ?;ir v. • 
[KM-irr -r^urprr in transnriiir rxprrinn-pf > . Wi b 
khpol' a" I'latikitit; M^p.irnrr m\<i jnrlnclin;! '-^r : l a.iui 
1 1 1 - t i»!*in*n>ri ! . thr Irwl i»f <'X[-«n.:f:.sinn oi tin- i -a-s^nw- 
i, ra.itkinj.'|r )-f0ur<'d. Smrr iTij.-ri.i..ii ol l> rii- ml- 
aiiiMii.i ;.!iv(^ binhlv iiiHuariar rrl:hrY«^. ,a n bii.:ilK 
rliiTna'.nr imi.~rh\ a- '.■MunaltH b> tll« pi nvni..Lr * *' 
ntji-iis. ibis i.- !.riliki;lv in bfwJui- !«j iIp.vIi w »i 
..■b.itr ."-nstn 'l bi>- appr-^n-ti fr»r :*<tnsl nit ( nij; rrar: i»-n:. 
.i!!it:;a!s hav somr advantaui^ wlia.il rr-iib i'r"i:i -in 
ava'lHb'.lily o\ \hc tOS riun** First, muiliph- iiun- t;--riK- 
i-riibrvi'.- with tlmrsiiinr inu ^ratinti sitr ran U« sf--M.|.c»! 
!uv ;i! t ;i!>si;v Si»p.nri. y prrrnaiMTn tran.^n;;. bar i -it; 
|K3if-m u*Uv I if ^rrnrr;it<xl from tin- KS d»».«- um-j * = - 
loaVii Ihr rbimarras. Thud, tlf.' KS t ]n\w < an «• mlbT- 
ri)M:-.trd Mi vit ro to pr*' vitlr adrbt i^nai nib'!" nai i; a A- 
far t H* - rrtru'alion »»(' thr mwf-F* ^cia- j-.: rourt rn-Mi. 
*»ur ivKiit- aiv mi auri'rmi.'n1 with a pr.*vi-.:;> rrp^r! 
= PaiapMUiian ol ;*l . \\m* with ib<* ^.a kb; 'ii-nkiiij: 
S.'r i t:' , ar. aionr, whirb also sl'towrd ipiabta: u f |!T r 
Ptil-'.- Mi lb*' ousrl of <-xpr<'SSCo)l uf Ibi.- 1 
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P*^^^2SK*««2 newborn mtx^Ba showing ex- 
KOH aai ^'^"ft f«ia(. and neck musdes. The *m was 
^^v, .1 *e <«^ B r ".^*cf nfWvb oro mouse: the diaphragm is 

' ^^ ™us?(S Trachea <S). E: HlnrJRmb ol newborn 
^i^9 «" an the mu** m^. 



• *nd limb musculature, compared with muscle 
jowmc and hum m However, it w now clear 

^ 10 2^ tKU reporter in the myf* 
*** ^TSSTtoSSr quantitative difference with 
i.vu**-* ^f^f^y complicate interpretation of 

to ^ ^^Sy^blexu. We conclude that 
^ W of a de^uyp enhaocer e , 

^ - 'Xp^tXS; in the locus (and pebbly 
with URF4). 

«.y \ Expression in A* Embryo 
* VfB-ealactosida^ activity io chimaeric and 

^ ^ tlmbrvTclfinna the early expre8S.cn of 
he^sote mbryos «nn AU four myogenic 

„t-V5 jx skeletal muscle ^ 1 "°^ 1(crihcd m skeletal 
- were shown to t» , ■ 

~22<^md Ha immediate precursors, and this was 



, r, „= n> ES-oeneratad E1 2.5 chinweric embryos with 

bought to be the only site f^^^aSl 
femilv (Lyons and Buckingham, 199A Fowna " *"r 
Son 1992) Cardiac striated muscle and ^smooth 
we negative for these transcripts, and this is 
SrmS with the myf-SlnlacZ mice which we have 
oesophagus ^ •Jg££ ^ 
shows my/--5 expression in cells which might ha/e been 
smTth muscle lr. fact, it. was shown recently that 

tion process to skeletal muscle ^P 0 ^*" 
1995) Myoid cells in the thymus express MyaD 
Sn (Grounds et al., 1992), and as >™ f 
S Thesscells, w hich are derived from the cephahc 

^oraal mesoderm, have W^STZS^ 
Jure and myotubes are often reported in thymic tu 
Z% Xfert and Christ, 1990; see Grounds et al., 
S) Sf^lexpected site of ^ repression is 
L ceia of the CNS. Detailed analy^ ^phenom- 
enon in the brain (Tajbakhsh and Buckingharn, 1995) 
Ind in a subset of neuronal «U* m theneural^e 
(Tajbakhsh et al., 1994) have been described- Tran 
scripts of other members of the MyoD family are n t 
£&U». and this probably aocounta for 
of myogenic conversion in .vivo. ^«»™ £ ***** 
gene in the CNS raises the possibility that it may oe 
Sg as a bHLH regulator of a differentiation path- 
waTother thS that of skeletal muscle Indeed, a num- 
Sfrf observations suggest some to****^ 
tween the myogenic and neurogenic differentiatxon 
programmes (Tajbakhsh et al., 



Myf-5 Expression as Muscle Matures 

The myf-5!nlacZ mice permit us to follow ^£-5 
pression in muscle cell populations ^.^ V ^ 
to different fibre types during myogenesis. The m£5 
£a?i?«p»«d ata high level in &e embryol torn 
lln.5. to the initial in situ hybridmtoon stadies 
transcripts were no longer detectable atE14 (Ott etal., 
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rt,«t as the B-galactosidase labelling indicates, they 
SfiiSK-^mt the muscle masses At later 
££it iBdifficulttodetectthe endogenous transmpt, 
She 3-galactosidase labelling remains dearie. 

^muscles. Althoagh this may parUyrene^P-gakc- 
Sdase stability, it is dear that nuclei an all labelled 

^rnscribed l^^^iS 
Least in some cases (Duclert et aL, 1991), post-natai 
ZkLc development. It is not surprising in this ^context 
SSKSr/ mutantmicemakematureskeletalmus- 
cMRudaicto et al., 1992). In these m ce ^tJJ 
7 in«,\« remain high, and we would suggest that 
St 52£Si inessential* all skeletal muscle 
nbres .^transcribing this gene; in the absence of 
MvoD transcription of myf-5 is not down-regulated, 
"ffiSr accumulates. Indeed it would be very 
unJiS Smature muscle fibres develop normally » 

«f + embryonic myoblasts. In myf-5 / mutant 
S^uJf appears to' develop normally Jrom > the 
time wren the MvoD gene is activated (Braun et ar, 
35>lSi indicates that expression m MyoD 
muscle < ells is not essential, as might be expected from 
SHow levels normally present. The question then 
arises o" whether later low level express^ of myf-5 
ha *Lv significance. Does it merely reflect transcnp- 
SSL the locus at later times when the 
KwSSSSd 6' to myf-5 is activated^Thisseems 
iSkA Wf- 5 ascription, measured by ^ 
Sctosid ise activity, decreases after birth when MRF4 
continu- s to be expressed at high levels. The functional 
siS nee of later myf-S transcription remains ob- 
8 Z, Although normally not 
provide a safety mechanism, as illustrated for the 

^SSi the reaults reported here that myf-5 
express on is not restricted to early myogenic lineages 
STairing the course of skeletal myogenesis, both in 
vSo ard in vivo levels of myogenic factors f luctuat^ 
These quantitative differences are useful when t 
comes lo distinguishing more -^-^v^at 
cell/fibis populations, but where MyoD and myf-5 are 
concerned bw or undetectable levels of i . protein or 
Manser pt cannot be used as a criterion for disUnguish- 
ingdifforently specified muscle cell lineages. In conclu- 
sion m-/-5 is expressed in all skeletal muscle types, 
active of their origin from presomiUc paraxial 
meXm or cephalic prechordal or F~fl 
derm. I? myf-5 negative precursor muscle eel I popu a- 
tions enst in vivo, they do not appear to 
nifican. contribution to mature skeletal muscle in 
normal mice, 



EXPERIMENTAL PROCEDURES 
Constr uct 

A lacZ plasmid (pSKTiOocZ) was designed (Bonnerot 
etal.,1987)thatcontainedthenud "l"^"*"* 
nal (n) of SV40 large T antigen fused to the B-galac- 



tosidase coding sequence lacking eight N-terminal 
SraciS?o g Uow2d by an SV40 P*A<W-^ 
sequence. This «4*Z conalxuct was int^ucedintc a 
fragment of the mouse myf-5 gene ((129 * ^ * „ 
£Sn at al., 1992) such that 5.5 kb of 5' f ^ing se- 
quence extending from an upstream Seal site to a Seal 
site 13 amino acids after the myf-5 ATG, .preceded .the 
nlacZ sequence. The neomycin gene under control of 
the thymidine kinase promoter itkNeo), f^ *™ 
vMClNeopA (Stratagene), was introduced into the con- 
struct immediately after the ntocZ, as was £e herpes 
virus thymidine kinase gene with its promoter (frt> V- 
TK) obtained from pMClTK (a gift from M. Capecdu. 
Mansour et al., 1988), for positive and negative selec- 
tion of clones, respectively. Between the two selectable 
marker genes a Ball fragment, 1,050 bp >n length, cov- 
ering part of the first exon and intron of the myf-5 
gene served as the 3' homology fragment. Introduction 
of the rdacZltkneo sequences into the ^f- 5 .^^. 
homologous recombination using the plasmid M5HR 
resulted in a deletion of 154 bp from ammo acids 13 to 
65 (Fig. 1). The plasmid was linearized with Sac II tor 
electroporation. 

Electroporation Into ES Cells and 
Screening of Clones 

D3 ES cells (a gift from M. LeMeur, R. Kemler (Gos- 
sler et al., 1986)) were grown on feeder layers of pri- 
mary embryonic fibroblasts prepared from 
mouse embryos containing a neomycin transgene (a 
gift from K. Kemler, SV129 Neo). in the Presence of 
DMEM medium, 10% foetal calf serum, and 10% n w- 
born calf serum (Robertson, 1987). ES cells were pas- 
saged 24-48 hr prior to electroporation. trypsinised 
(0.25%), resuspended at a density of 2 * 10 7 ce U in 
phosphate-buffered saline (PBS, GIBCO) without 
Ca^/Me 2 *, and mixed with 20 v-g linearised DNA. 
After 5 min at room temperature, the cells were elec- 
troporated at 960 ^F, 200 roV (time constant between 
11-15 msec) and incubated at room temperature tor a 
further 10 min. Cells were then spread onto fresh 
feeder layers in 10-cm Falcon dishes. After 24 hr, G418 
was added (300 ng/ml dry weight) followed by j ganci- 
clovir (GANC) at 2 \M concentration at 48 hr. In some 
experiments, GANC concentration was dropped to 1 
ulM after 4 days of selection. 

After 10-12 dayB of selection, individual colonies 
were picked with a P200 pipetman and disrupted by 
pipeting in a 96-well dish containing 30-50 id me- 
dium. Polymerase chain reaction (PCR ana ysis was 
carried out on DNA prepared from pools of 12 clones 
essentially as described (Kim and Smithies 1988). Hall 
of the colony was used for the PCR pool, while the other 
half was grown on feeder cells ™^±f^ r ^* 
Neo specific primer used was NP3:GGTATCCCCGC 
TCCCGATTCGC. The 3' PCR primer 015P5:QGA- 
CAGTAGATGCTGTCAAAGCTGC) was derived from 
a Ball-Bglll fragment present in the myf-5 gene, 3 to 
and outside the regi n of homology. A control construct 
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ft* PGR analysis was made with an additional 150 bp 
a: the 3' nd, c< ntaining the 3' FOR primer. Amplified 
UNA waa analysed by Southern blotting using as a 
ptoba the KpnI-Ball 3' myf-S fragment In^vidual 
cones from positive pools were ™«»^^J"£: 
I >NA from sing le positive clones was digested with Mgi 
I and checked by Southern analysis, using the same 

1 pn I-Bal I probe. The wild-type allele would yield a 

2 8-kbp fragrant while the mutated allele would re- 
\ eal a 7.1-kbp I ragment The integrity of the targeting 
tvent was confirmed with probes located outside the 
t omology region and with the Neo gene. 

llmbryo Injections 

Embryos at :he 8-cell stage were flushed from the 
cviducts of superovulated(C57BL6 x SJL-J) i Fl mice 
jnd stored in Whitten medium (Whitten 1971) until 
i ist orior to iriection. The morula were decoropacted 
if aSS min L PBS without Mg 2 + /Ca 2 * at 37'C then 
..laced in a microdropof PBI (Whittingham and Wales, 

969) while thi ES cells were maintained m a ****** 
Microdropof DMEM/10% PCS/100 mM Hepesand 100 
,*M Q-mercapt Mthanol, all under oil. Morula began to. 
lompact more rapidly in DMEM (10 mm) than PBI 
( L 5-2 hr). Eight to ten ES cells were placed between 
1 he cells of the morula, and embryos were replaced in 
Whitten micro-hops at 37«C for 1-4 hr until they were 
implanted ino the oviducts of pseudopregnant 
(C57BL6 x C3A) Fl fosters which were plugged the 
, ame day. Alternatively, injected morula were allowed 
. o form blastoc ysta after overnight incubation then im- 
planted into the uterus of E2.5 pseudopregnant foster 

nothers. The number of developing embryos and per- 
. ent chimaeritm was highly dependent on the quality 
.,f the ES cells and the number injected. In some cases 

vith later parage cells, injection of 8-10 cells resulted 

n higher nunbere of abnormally developed embryos; 

herefore fewer cells (5-6) had to be injected. 

Embryo Dissections, Staining, and 
Cn Situ Hybridizations 

Embryo staging was based on transfer of injected 
■mbryos to the oviduct E0.5 or uterus E2.5 of foster 
nothers (Rug}., 1990). More precise staging was based 
>n somite counts. For p-galactosidase staining (Sanes 
;t al.. 1986), embryos were rinsed once in PBb and 
«ed in 4% paraformaldehyde for 30 min to overnight 
iepending on the size of the embryo. After rinsing d 
:imes in PBS (total 15 min), embryos were stained in a 
solution containing 4 mM each ^^ m J^^\ 
ride potassium ferricyanide, 2 mM MgCl 2 , 400 ug/ml 
X-gal and 0.0 2% NP40 in PBS at 32°C overnight with 
? entle agitatk n. X-gal stocks were P r ^^£ dl ™r 
Sulfoxide at 40 mg/ml and stored at -20*0. Photo- 
graphs of whole-mount stained embryos were taken 
with an Olympus SZH10 stereomicroscope. 

Stained eml vyoa were mbedded in paraffin or resin 
Tor sectioning Five- and 2-uin sections were obtained 
using a microtome. Sections were stained with Safra- 



nin O (0 0025%) in some cases to improve morpholog- 
ical resolution. In situ hybridizations were carriedout 
on paraffin sections with a myf* specific probe (Ott et 
al 1991) using two radionucleotideB (Tajbakhsh and 
Houzelstein, 1995) and 10 days exposure time. Sections 
were examined and photographed using a Zeiss Axio- 
phot microscope. 
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